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Nanostructured  n-type  bismuth  telluride  (Bi2Te3)  thin  films  were  grown  on  Si02/Si  (100)  substrates  at 
argon  ambient  pressure  (PAr)  of  80  Pa  by  pulsed  laser  deposition  (PLD).  The  effects  of  film  morphologies, 
structures,  and  compositions  on  the  thermoelectric  properties  were  investigated.  At  a  substrate  temper¬ 
ature  (Ts)  of  220-340  °C,  stoichiometric  films  with  highly  (OOl)-oriented  and  layered  structures  showed 
the  best  properties,  with  a  carrier  mobility  ju  of  83.9-122.3  cm2/Vs,  an  absolute  Seebeck  coefficient  |a|  of 
172.8-189.7  pV/K,  and  a  remarkably  high  power  factor  (PF)  of  18.2-24.3  pW  cm-1  K-2.  By  contrast,  the 
Te-rich  films  deposited  at  Ts  ^  120  °C  with  (01  5)-preferred  orientations  and  columnar-small  grain  struc¬ 
tures  or  the  Te-deficient  film  deposited  at  380  °C  with  Bi4Te5  polyhedron  structure  possessed  poor  prop¬ 
erties,  with  p  <  10.0  cm2/Vs,  |a|  <  54  pV/K,  and  PFs  ^  0.44  pW  cm-1  K-2.  The  morphology  of  highly  (001) 
oriented-layered  structures  and  the  stoichiometry  predominantly  contribute  to  the  substantial  enhance¬ 
ment  of  p  and  |a|,  respectively,  resulting  in  remarkable  enhancement  in  PF. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  (TE)  materials  are  of  interests  for  applications  as 
heat  pumps  and  power  generators  [1-4].  The  performance  of  TE 
materials  is  evaluated  in  terms  of  a  dimensionless  figure  of  merit, 
ZT  =  oc2(jTIk ,  in  which  a,  cr,  k ,  and  T  are  the  Seebeck  coefficient,  the 
electrical  conductivity,  the  thermal  conductivity,  and  absolute 
temperature,  respectively.  To  achieve  a  high  ZT  value,  a  TE  material 
must  exhibit  a  high  power  factor  (PF),  ot2a ,  and  low  thermal  con¬ 
ductivity,  k.  However,  increasing  the  ZT  value  is  challenging 
because  of  the  coupling  among  the  TE  parameters  [3]:  the  relation¬ 
ship  between  a  and  the  carrier  concentration  n  (expressed  by 
|a|  ~  n-2/3  [3])  limits  the  enhancement  of  the  PF  (=a2cr),  whereas 
the  proportional  relationship  between  electrical  conductivity  and 
electronic  thermal  conductivity  (the  Wiedmann-Franz  law) 
restricts  the  improvement  of  the  g\k  ratio. 

Bismuth  telluride  (Bi2Te3)-based  materials  have  been  widely 
exploited  for  Peltier-coolers  and  thermoelectric  generators  at  low 
temperature  regime  [5-8].  Nanocrystalline  and  nanostructured 
Bi2Te3-based  films  conduct  heat  poorly  because  of  extensive 


*  Corresponding  author.  Tel.:  +886  35131420. 

E-mail  addresses:  cwluo@mail.nctu.edu.tw  (C.W.  Luo),  jimleu@mail.nctu.edu.tw 
(J.  Leu). 

1  Tel.:  +886  35712121x56196. 

http://dx.d0i.0rg/l  0.1 01 6/j.jallcom.201 4.07.01 8 
0925-8388/©  2014  Elsevier  B.V.  All  rights  reserved. 


phonon  scattering  at  grain  boundaries  [9-12],  but  the  electrical 
transport  properties  of  the  films  are  impaired  because  of  lattice 
imperfections  and  grain-boundary  defects  [9],  indicating  that  fur¬ 
ther  investigation  is  required  to  determine  how  to  improve  PF  or 
the  electronic  part  of  ZT.  Currently,  enhancing  the  PF  of  Bi2Te3- 
based  thin  films  is  challenging.  Besides  the  coupling  among  TE 
material  properties  [3],  the  control  of  film  stoichiometry  is  a  key 
factor  for  obtaining  better  TE  properties  [13-16].  Yet,  it  is  a  chal¬ 
lenge  to  grow  stoichiometric  films  because  of  the  tendency  for 
re-evaporation  of  volatile  elements  (i.e.  Te,  Se)  at  elevated  Ts 
[15,16],  and  the  low  sticking  coefficient  Te  (<0.6)  at  Ts  beyond 
300  °C  [17,18].  Numerous  charge  carriers  arising  from  vacancy 
defects  of  volatile  elements  can  constrain  the  enhancement  of 
|a|;  however,  low  carrier  concentrations  can  suppress  electrical 
conductivity  if  carrier  mobility  (p)  is  poor. 

Substantial  effort  has  been  devoted  to  enhancing  the  PF  and  ZT 
values  of  Bi2Te3  thin  films  grown  using  various  vapor-deposition 
techniques.  Moreover,  nanocrystalline  and  nanostructured  Bi2Te3 
thin  films  have  recently  attracted  considerable  attention  because 
they  exhibit  superior  TE  performance  [9,10,13,19-22].  The 
layered-hexagonal  Bi2Te3  films  fabricated  using  radio-frequency 
magnetron  sputtering  possessed  a  PF  of  8.8  pW  cm-1 1<-2  for  an 
(01  5)-oriented  film,  and  a  PF  of  33.7  pW  cm-1  K-2  for  a  highly 
(OOl)-oriented  layered  film  [19,21].  Furthermore,  PFs  of 
27  pW  cm-1  K-2  and  39.9  pW  cm-1 1<-2  were  measured  for 
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smooth-epitaxial-  and  hexagonal-Bi2Te3  films  grown  using 
molecular  beam  epitaxy  (MBE)  [23]  and  co-evaporation  [24], 
respectively.  In  the  case  of  pulsed  laser  deposition  (PLD),  tightly 
controlling  substrate  temperatures  (Ts)  and  ambient  pressures 
enables  the  morphologies  and  compositions  of  films  to  be  manip¬ 
ulated  extensively,  which  offers  a  new  method  for  enhancing  the 
TE  properties  of  films  [13,16,20,25,26].  For  example,  self-assembled 
Bi2Te3  films  featuring  well-aligned  zero-  to  three-dimensional 
nanoblocks  have  been  fabricated,  but  the  room-temperature  PFs 
of  these  films  remain  low  (^1.9  pW  cm-1  K-2)  [20].  By  contrast, 
Li  Bassi  et  al.  [13]  obtained  high  room-temperature  PFs  of 
approximately  21.2  and  50.6  pW  cm-1  K-2  for  compact-smooth 
and  layered-smooth  Bi2Te3  films,  respectively.  Therefore,  the  inter¬ 
relationships  between  PLD  processing  conditions,  microstructures, 
and  TE  properties  of  Bi2Te3-based  thin  films  must  be  understood 
comprehensively. 

In  this  study,  the  advantageous  features  of  the  PLD  technique 
were  exploited  and  a  wide  range  of  Ts  of  30-380  °C  was  used  to 
grow  various  Bi2Te3  thin  films  featuring  well-defined  morpholo¬ 
gies  and  grain  sizes  ranging  from  the  nanoscale  to  the  microscale. 
The  PFs  of  the  films  were  substantially  enhanced  because  the 
resulting  improvement  in  crystal  structure  enabled  attaining  high 
/ll  values  and  concurrently  achieving  stoichiometry,  which  lowered 
n  and  enhanced  |a|  (obeying  |a|  ~  rr2/3  approximately).  A  compre¬ 
hensive  understanding  of  TE  Bi2Te3-based  thin  films  grown  using 
PLD  is  presented  in  this  study. 

2.  Experimental  details 

Bismuth  telluride  thin  films  were  deposited  on  Si02  (300  nm)/Si  (100) 
substrates  (size  of  15x15  mm2)  at  Ts  of  30-380  °C  and  PAr  of  80  Pa  using  PLD. 
The  substrate  was  heated  and  maintained  at  desired  Ts  using  a  thermocouple  and 
a  PID  temperature  controller.  The  thermocouple  was  buried  inside  a  stainless-steel 
substrate  holder  which  was  heated  by  a  tungsten  lamp  just  behind  the  holder.  The 
UV  pulses  (20  ns  duration)  from  a  KrF  excimer  laser  (2  =  248  nm,  repetition:  5  Hz) 
were  focused  on  a  stoichiometric  polycrystalline  Bi2Te3  target  (purity  99.99%)  with 
fluence  of  3.8J/cm2;  the  target-to-substrate  distance  was  40  mm.  The  number  of 
laser  pulses  was  12,000  and  deposition  took  40  min.  The  average  growth  rate  was 
approximately  0.52  A/pulse.  An  approximately  300-nm-thick  Si02  layer  was  ther¬ 
mally  grown  on  the  Si  substrates  for  electrical  isolation  purpose. 

The  orientation  and  crystallinity  of  Bi2Te3  films  were  determined  using  X-ray 
diffraction  (XRD,  Bruker  D8)  with  Cu  Ka  radiation  (2  =  1.5406  A)  in  26  -  co  and 
rocking-curve  (co-scan)  configurations.  Digital  HRTEM  images  were  obtained  using 
high-resolution  transmission  electron  microscopy  (HRTEM,  Philips  Tecnai  F20) 
operated  at  200  kV,  and  Gatan  2k  x  2k  charged  couple  device  camera.  The 
specimens  were  prepared  using  a  standard  procedure  of  mechanical  thinning  and 
Ar-ion  milling.  Surface  morphology  and  film  thickness  were  examined  using 
field-emission  scanning  electron  microscopy  (SEM,  JEOL  JSM-6500)  through 
plane-view  and  cross-sectional  images,  respectively.  Film  compositions  were  also 
analyzed  using  an  Oxford  energy-dispersive  X-ray  spectroscopy  (EDS)  equipped 
with  the  SEM  instrument  at  an  accelerating  voltage  of  1 5  kV,  a  dead  time  of 
22-30%,  and  a  collecting  time  of  60  s.  The  atomic  percentage  of  each  film  was  deter¬ 
mined  by  averaging  the  values  measured  in  5  or  more  distinct  13x18  pm2  areas  on 
the  surface  of  films.  The  in-plane  electrical  conductivity,  carrier  concentration,  and 
mobility  were  measured  at  room  temperature  using  a  Hall  system  (Bio-Rad 
HL5500PC)  with  van  der  Pauw  geometry.  Indium  balls  were  used  to  improve  ohmic 
contact  on  the  films’  surface.  The  in-plane  Seebeck  coefficient  at  room  temperature 
was  determined  from  the  slope  of  the  voltage  difference  vs.  the  temperature 
difference  curve,  based  on  a  static  temperature-difference  method  [27]. 

3.  Results  and  discussion 

Fig.  1  presents  the  cross-section  and  top-view  SEM  images  of 
Bi2Te3  thin  films  grown  at  Ts  ranging  from  30  to  380  °C  at  PAr  =  80  - 
Pa.  Under  these  conditions,  films  of  six  well-defined  morphologies 
featuring  distinct  grain  sizes,  shapes,  and  stacking  characteristics 
were  successfully  prepared.  Fig.  2  presents  the  grain-size  distribu¬ 
tion  and  the  most  probable  size  (MS)  of  these  films,  which  were 
determined  using  SEM  statistical  analysis.  First,  at  room  tempera¬ 
ture  (30  °C),  0D  columnar  nanoparticles  (CNPs)  were  grown,  which 
exhibited  the  smallest  MS  (57  nm)  and  a  columnar  structure  that 


was  approximately  50  nm  wide  and  400  nm  high.  Second,  at 
120  °C,  columnar  nanoflowers  (CNFs)  were  formed  as  a  result  of 
the  stacking  of  2D  platelets  (MS  =  73  nm),  which  generated 
flower-like  structures  featuring  columns  that  were  approximately 
75  nm  wide  and  500  nm  high.  Third,  at  220  °C,  nanodiscs  (NDs) 
were  formed  that  comprised  numerous  disc-like  crystals,  whose 
MS  was  287  nm  in  diameter  and  24.5  nm  in  thickness;  the  disc 
thickness  was  determined  by  performing  2D  fast  Fourier  transform 
(FFT,  the  inset  in  Fig.  lc)  of  the  dashed-square  area  indicating  a  set 
of  discs  (Fig.  lc).  Fourth,  at  300  °C,  a  layered  compact  polycrystal¬ 
line  (LCP)  film  was  prepared  that  exhibited  an  MS  of  477  nm. 
Intriguingly,  this  film  was  formed  by  compactly  stacking  of  the 
3D  layered  nanoblocks,  but  it  exhibited  a  relatively  rough  surface. 
Fifth,  at  340  °C,  a  layered-triangular-platelet  (LTP)  structure  was 
prepared  that  exhibited  the  largest  MS  (846  nm,  with  a  layer  thick¬ 
ness  of  53  nm)  and  the  broadest  grain-size  distribution  (reaching 
the  micron  size)  (Figs,  le  and  2).  Finally,  the  films  deposited  at 
380  °C  displayed  a  polyhedral  (PH)  structure  that  was  composed 
of  3D  triangular  and  polygonal  crystals  (MS  of  785  nm)  and  exhib¬ 
ited  a  diminished  density  because  of  the  presence  of  microvoids 
between  crystals.  The  MS  and  the  width  of  the  distribution  curves 
increased  monotonically  with  increasing  Ts  from  RT  to  340  °C  and 
then  decreased  slightly  at  380  °C,  as  shown  in  Fig.  2  and  the  inset 
of  Fig.  2. 

The  Ts  used  can  affect  the  nucleation  and  growth  of  films.  At  low 
a  Ts,  the  rate  of  supersaturation  is  high,  which  reduces  not  only  the 
critical  size  of  the  nuclei  but  also  the  magnitude  of  the  nucleation 
energy  barrier,  and  thus  numerous,  small  nanoparticles  grew  at 
30  °C  and  nanoflowers  grew  at  120  °C  [16].  Moreover,  the  growth 
mechanism  of  the  columnar  structures  (Figs,  la  and  b)  can  be 
attributed  to  the  combined  effects  of  a  high  deposition  rate  and  a 
low  crystal  growth  rate:  the  high  PAr  of  80  Pa  tightly  confines  the 
ablated  plume  along  the  direction  of  the  substrate  to  increase  the 
deposition  rate  [25],  whereas  the  potentially  adsorbed  argon  limits 
the  mobility  of  adatoms  to  suppress  the  lateral  growth  of  the  crys¬ 
tals  at  low  Ts  (^120  °C)  [28,29].  By  contrast,  the  deposition  is  faster 
on  the  top  of  islands  than  in  the  valleys  between  the  islands  with 
an  oblique  incident  flux  (the  so-called  shadowing  effect)  [28,30], 
which  generates  the  separated  or  voided  inter-grain  boundaries 
of  columnar  structures.  The  columnar  structures  present  in  the 
Bi2Te3  films  grown  here  were  similar  to  those  in  Bi2Se3  films  grown 
at  comparatively  high  temperatures  and  pressures  (200-250  °C, 
173  Pa  helium)  [16]. 

At  a  high  Ts  ( ^220  °C),  however,  a  reduction  in  the  supersatura¬ 
tion  rate  increases  the  critical  size  of  the  nuclei  and  the  nucleation 
barrier.  Consequently,  the  large  nuclei  can  further  create  isolated 
islands  and  3D  crystal  structures  on  the  substrates  to  minimize 
the  surface  energy  and  interface  energy  [31,32]  by  means  of  sur¬ 
face  diffusion,  grain-boundary  migration,  and  possible  recrystalli¬ 
zation.  Conversely,  the  LTP  structure  might  be  formed  because  of 
the  anisotropic  bonding  configuration  of  Bi2Te3  and  the  inevitable 
deviations  from  a  uniform  growth  environment  [33-35].  Moreover, 
both  the  diffusion  of  atoms  at  high  Ts  ( ^220  °C)  and  the  naturally 
layered  crystal  structure  of  Bi2Te3  result  in  the  formation  of  layered 
ND,  LCP,  and  LTP  structures  [33]. 

Fig.  3a  shows  the  normalized  XRD  patterns  of  the  Bi2Te3  target 
and  films.  The  polycrystalline  rhombohedral  Bi2Te3  phase  (space 
group  Dld-R3m)  with  (01  5)-dominant  orientation  of  the  target 
can  be  confirmed  (JCPDS  82-0358).  The  films  grown  at  Ts  ^  340  °C 
exhibited  the  Bi2Te3  phase  but  no  other  detectable  phases.  How¬ 
ever,  when  Ts  was  increased  to  380  °C,  the  PH  film  possessed  Bi4Te5 
phase  (JCPDS  22-0115),  which  was  associated  with  a  composition 
of  approximately  51.5  at.%  Te  (Fig.  4).  Moreover,  like  the  target, 
the  dominant  orientation  of  the  CNP  (30  °C)  and  CNF  (120  °C) 
structures  was  (015).  Typically,  Bi2Te3  (015)  is  the  preferred 
orientation  of  ID  structures  [19,20,36]  because  this  orientation 
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(bj  Columnar  nanoflowers  (CNFs,  120°C) 


Fig.  1.  Cross-section  and  top  view  SEM  images  of  n-type  Bi2Te3  thin-films  with  different  nanostructures  deposited  at  various  substrate  temperatures  ( Ts )  from  30  to  380  °C 
under  an  argon  background  pressure  (PAr)  of  80  Pa.  The  inset  in  panel  (c)  shows  the  FFT  patterns  and  distance  profile  of  the  dash  square  area  in  the  SEM  cross-section  image. 


Grain  size  (nm) 


Fig.  2.  Grain  size  distributions  and  the  most  probable  size  (MS)  of  the  films  in 
Fig.  l(a-f),  which  was  statistically  analyzed  from  at  least  200  grains  of  top-view 
SEM  images.  The  inset  shows  the  Ts-dependent  MS  of  the  films. 


supports  not  only  stoichiometric  growth  but  also  regular 
structures  that  feature  a  bonding  sequence  of  •  •  Te(1)-Bi-Te(2)- 
Bi-Te(1)-  -  [37].  Because  the  adatom  mobility  increased  at 
Ts  =  220-340  °C,  the  films  featuring  ND,  LCP,  and  LTP  structures 
exhibited  the  highly  preferred  crystal  orientation  of  {001},  which 
possesses  the  lowest  surface  energy  as  a  result  of  the  weak 
Te(1)...Te(1)  bond  [37]. 

The  crystallinity  and  grain  orientation  of  the  films  were  deter¬ 
mined  by  measuring  X-ray  rocking  curves.  As  shown  in  Fig.  3a, 
the  full  width  at  half  maximum  (FWHM)  of  the  (006)  peak  in 
the  Bi2Te3  phase  and  the  (0011)  peak  in  the  Bi4Te5  phase  dropped 
substantially,  from  5.87°  in  the  case  of  CNFs  (at  120  °C)  to  0.74°  in 


NDs  (at  220  °C),  indicating  that  NDs  feature  superior  crystallinity 
and  grain  orientation  compared  with  CNFs.  Because  of  the  pres¬ 
ence  of  disoriented  grains  and  a  rough  surface,  the  FWHMs  of  the 
LCP  (at  300  °C)  and  PH  (at  380  °C)  structures  increased  slightly, 
to  1.82°  and  1.49°  respectively.  By  contrast,  the  LTP  film  exhibited 
a  small  FWHM,  1.05°,  which  can  be  attributed  to  the  large 
(micrometer-scale)  grain  size,  flat  surface,  and  layered  structure 
of  the  film,  reducing  the  disorientation  of  crystallites. 

HRTEM  images  performed  on  the  low  /u  CNP  film  and  the  high¬ 
est  fi  ND  film  are  shown  in  Fig.  3b  and  c,  respectively.  Clearly, 
Fig.  3b  presents  some  nanoparticles  (nanocrystals)  with  sizes 
>10  nm.  Moreover,  the  lattice  spacing  of  nanoparticles  is  approxi¬ 
mately  0.323  nm,  which  corresponds  to  the  value  of  (01  5)  inter- 
planar  distance  of  the  Bi2Te3  crystal.  The  white  lines  in  Fig.  3b 
indicate  the  orientations  of  (015)  planes.  Intriguingly,  although 
the  overall  (01  5)-orientation  is  randomly,  it  possesses  some  local 
preferred  orientations  as  shown  by  the  parallel  white  lines 
amongst  some  close  nanocrystals.  For  the  ND  (220  °C)  film,  the 
lower  inset  in  Fig.  3c  shows  the  film  with  uniform  thickness  of 
approximately  295  nm,  and  the  Si02  layer  with  thickness  of 
300  nm.  Furthermore,  an  HRTEM  image  (Fig.  3c)  obtained  from 
the  solid  square  area  in  the  inset  exhibits  the  projected  periods 
of  0.508  nm  along  the  c-axis  correspond  to  the  lattice  spacing  of 
the  (006)  planes.  Thus,  the  c-axis  lattice  constant  of  the  film  is 
30.48  A  of  Bi2Te3,  which  agrees  closely  with  the  value  (30.44  A) 
presented  in  JCPDS  82-0358.  The  other  examined  areas  also  pres¬ 
ent  similar  results.  Consequently,  this  TEM  results  further  demon¬ 
strated  the  highly  (OOl)-orientated  and  crystallized  structures  of 
the  ND,  LCP,  LTP  films  that  should  facilitate  the  transport  of  charge 
carriers. 

The  PAr  of  80  Pa  was  determined  to  be  a  suitable  background 
pressure  because  it  allows  stoichiometric  films  to  be  grown  even 
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Fig.  3.  (a)  The  normalized  X-ray  diffraction  patterns  of  Bi2Te3  and  Bi4Te5  thin  films.  FWHMs  of  X-ray  rocking  curves  for  (006)  peak  in  Bi2Te3  phase  and  (0011)  peak  in  Bi4Te5 
phase,  (b)  An  HRTEM  image  of  the  columnar  nanoparticle  (30  °C)  film;  the  white  lines  indicate  the  (015)  orientation  of  the  nanograins,  (c)  An  HRTEM  and  a  low  magnification 
TEM  (inset)  images  of  the  nanodisc  (220  °C)  film. 


T  (°C) 

Fig.  4.  Ts-dependent  Te  at.%  (black  squares),  carrier  concentration  (n,  red  triang- 
ulars),  and  carrier  mobility  (p,  blue  spheres)  of  the  Bi2Te3  and  Bi4Te5  films.  The 
abbreviations:  CNP,  columnar  nanoparticle;  CNF,  columnar  nanoflower;  ND, 
nanodisc;  LCP,  layered  compact  polycrystalline;  LTP,  layered  triangular  platelet; 
PH,  polyhedron.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


when  the  Ts  is  high  (up  to  340  °C).  We  note  that  low  pressures  typ¬ 
ically  increased  Te  deficiency  and  elevated  n,  whereas  high  pres¬ 
sures  commonly  generated  macroscopic  droplets  on  film 
surfaces.  These  effects  of  pressure  agree  with  previous  studies  on 
Bi2Se3  films  [16]  and  with  the  results  described  elsewhere  38]. 


In  Fig.  4,  the  black  squares  indicate  the  7>dependent  Te  at.%  of 
the  six  films  featuring  distinct  nanostructures  that  were  deposited 
at  80-Pa  argon.  The  films  clearly  exhibited  Te  enrichment,  stoichi¬ 
ometry,  and  substantial  Te  deficiency  at  Ts^  120  °C,  220°C^TS 
^  340  °C,  and  Ts  =  380  °C,  respectively.  Because  the  vapor 
pressure  of  Te  is  higher  than  that  of  Bi  (PTve/PBJ  «  105  at  300  °C 

[39] ),  Te  reevaporates  from  heated  substrates  much  faster  than 
Bi  does  [15,39].  This  also  occurred  in  the  case  of  Bi2Se3  films 

[40] ,  in  which  the  film  composition  varied  from  being  Se-rich  to 
stoichiometric  to  Se-deficient  with  increasing  Ts.  The  Te  at.% 
dropped  sharply  to  approximately  51.5%  at  380  °C  (Fig.  4),  which 
might  be  explained  by  a  substantial  increase  in  the  Te  reevapora¬ 
tion  rate  and  a  lowering  of  the  Te  sticking  coefficient  [18]. 

The  variation  in  the  n-type  carrier  concentration  (n)  and  mobil¬ 
ity  ( fi )  as  a  function  of  Ts  and  the  nanostructures  is  shown  in  Fig.  4. 
The  n  values  of  Te-rich  films  were  6.9  x  1019  cm-3  (CNPs,  at  30  °C) 
and  9.3  x  1019  cm-3  (CNFs,  at  120  °C),  but  decreased  considerably 
to  range  from  2.9  x  1019  to  4.9  x  1019  cm-3  in  the  case  of  stoichi¬ 
ometric  ND,  LCP,  and  LTP  films  deposited  at  220,  300,  and  340  °C, 
respectively.  However,  in  the  highly  Te-deficient  PH-Bi4Te5  films 
deposited  at  380  °C,  n  increased  dramatically,  reaching  approxi¬ 
mately  1.06  x  1021  cm-3.  This  agreed  well  with  the  result  in  Ref. 
[13]  that  the  n  increased  dramatically  from  4.9  x  1019cm-3  to 
5.0  x  102Ocm-3  with  increasing  Bi  content  from  40  at.%  (stoichi¬ 
ometry)  to  45  at.%  (Bi4Te5  phase).  Therefore,  the  stoichiometry 
plays  a  vital  role  in  reducing  the  n  of  the  films. 

The  /u  value  was  inversely  proportional  to  the  FWHM  and  the 
carrier  concentration  n  (Figs.  3a  and  4).  The  CNP  and  CNF  films 
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grown  at  a  low  Ts  (^120  °C)  had  a  low  p,  <10  cm2/Vs,  because  of 
the  strong  grain-boundary  scattering  resulting  from  the  columnar 
structures  with  small  grains  (MS  of  57  or  73  nm)  and  the  defective 
scattering  centers  (ionized  impurities).  However,  in  the  ND,  LCP, 
and  LTP  films  grown  at  220-340  °C,  p  increased  substantially  and 
ranged  from  83.9  to  122.3  cm2/Vs  because  of  the  suppression  of 
those  scattering  mechanisms,  as  suggested  by  the  low  FWHMs 
and  n  results.  In  addition,  the  highly  (OOl)-oriented  layered  struc¬ 
tures  with  in-plane  large  crystallites  provides  a  preferential  way 
for  electron  transport  along  the  ab-plane  and  thus  promotes  the 
carrier  mobility.  Recently,  Deng  et  al.  [21]  observed  that  the  p  of 
the  highly  (OOl)-oriented  layered  Bi2Te3  film  was  approximately 
5  times  higher  than  that  of  the  ordinary  (01  5)-oriented  film. 
Despite  featuring  a  large  grain  size  (MS  =  785  nm),  the  p  in  the 
Bi4Te5  films  displaying  the  PH  structure  was  small  (2.5  cm2/Vs) 
because  of  an  extremely  high  carrier  concentration 
(n  =  1.06  x  1021  cm-3),  the  difference  in  phase,  and  the  ordinary 
3D-voided  structure. 

Li  Bassi  et  al.  [13]  reported  that  the  p  of  Bi-Te  films  obtained  a 
high  value  of  approximately  100  cm2 /Vs  only  for  the  stoichiometric 
Bi2Te3  film,  meanwhile  it  remained  low  values  of  10-30  cm2/Vs  for 
the  other  non-stoichiometric  Bi-Te  films  and  phases.  This  result 
suggests  that  the  stoichiometry  plays  a  certain  contribution  to 
the  substantially  enhanced  p  of  the  films  grown  at  220-340  °C. 
Since  the  high-p  preferred  structures  and  the  stoichiometry  are 
obtained  concurrently  in  these  films,  it  is  hard  to  fully  extract 
the  individual  contribution  of  each  factor  for  the  enhanced  p.  Nev¬ 
ertheless,  under  a  similar  deviation  within  2.0  at.%  from  stoichiom¬ 
etry,  the  p  of  the  220-340  °C  films  exhibit  a  small  difference 
(below  31.5%,  Fig.  4)  compared  to  81.2%  for  the  compact  films  in 
Ref.  [13].  This  weakly  //-dependence  on  the  stoichiometry  suggests 
that  microstructure  is  the  predominant  factor  contributed  to  the 
substantial  p  enhancements  of  the  present  films. 

To  explain  the  evolution  of  n,  the  antisite  and  vacancy  defects 
must  be  considered.  From  the  XRD  (006)  and  (0015)  peaks,  the 
averaged  c-lattice  constants  of  the  films  were  determined  using 
the  hexagonal  unit  cell  relation: 

1  _4  (h2  +  hk  +  k2\  i2 

^=i{~2  ;+? 

As  shown  in  the  inset  in  Fig.  5a,  the  c-lattice  constant  of  the  CNP 
and  CNF  films  that  were  Te-rich  is  considerably  smaller  than  the 
standard  value  of  30.44  A  (JPCDS  82-0358),  suggesting  the  pres¬ 
ence  of  a  high  density  of  antisite  TeBi  (Te  occupying  a  Bi  site,  a 


donor-point  defect)  because  of  the  smaller  atomic  radius  of  Te 
(1.4  A)  compared  with  Bi  (1.6  A)  [41].  This  is  to  be  expected 
because  the  strain  effect  can  be  neglected  for  such  thick  films 
(thicknesses  >530  nm,  Fig.  la  and  b),  and  also  because  TeBi  exhibits 
the  smallest  formation  energy  (approximately  0.5  eV)  among  point 
defects  such  as  BiTe  (Bi  occupying  a  Te  site)  and  VTe  (Te  vacancy) 
under  a  Te-rich  condition  [42,43].  This  result  suggests  that  TeBi  is 
the  dominant  donor  defect  that  generates  the  moderate  n  values 
of  the  Te-rich  films. 

The  decrease  of  n  in  the  stoichiometric  ND,  LCP,  and  LTP  films 
was  associated  with  a  reduction  in  the  donor  defects  TeBi  and 
VTe,  because  the  c-lattice  constant  was  close  to  the  database  value 
(inset  in  Fig.  5a).  Moreover,  the  Ts  of  220-340  °C  should  be  suffi¬ 
cient  for  atoms  to  move  and  drop  to  the  lowest  potential-energy 
sites  and  thus  reduce  the  numbers  of  defects.  The  structure  of 
the  Bi4Te5  phase  can  be  derived  by  stacking  hexagonal  Bi2  and 
Bi2Te3  blocks,  (Bi2)m(Bi2Te3)n,  and  (m:n  =  1:5),  where  the  -(Bi- 
Bi)-  blocks  intercalate  in  van  der  Waals  gaps  between  the  - 
(Te(1  )-Bi-Te(2)-Bi-Te(1  ’)-  blocks  [44],  Furthermore,  the  PH-Bi4Te5 
film  remained  substantially  Te-deficient  (approximately  4.1  at.%) 
when  compared  with  the  Te  at.%  of  the  EDS  results  (51.5)  and 
the  ideal  value  of  the  Bi4Te5  phase  (55.6).  Therefore,  the  dramatic 
increase  of  n  in  the  PH-Bi4Te5  film  can  be  attributed  to  the  domi¬ 
nance  of  VTe  under  such  Te-deficient  (or  Bi-rich)  conditions,  which 
can  also  leave  Bi  interstitials  in  the  lattice  and  thus  generate  a  c- 
lattice  constant  that  is  slightly  larger  than  the  database  value 
(JCPDS  22-0115). 

Fig.  5a  shows  the  n-dependent  |a|  of  the  films  deposited  at  var¬ 
ious  Ts.  The  stoichiometric  ND,  LCP,  and  LTP  films  featuring  a  low  n 
(2.9-4.9  x  1019cm-3)  possessed  superior  |a|  values,  ranging  from 
172.8  to  189.7  pV/K.  By  contrast,  both  Te-rich  (CNPs  and  CNFs) 
and  Te-deficient  (PHs)  films  featuring  a  high  n  possessed  substan¬ 
tially  lower  |a|  values,  which  ranged  from  32.6  to  53.6  pV/K 
(Fig.  5a).  This  can  be  described  effectively  by  the  relationship 
|a|  ~  m*n-2/3  in  degenerate  semiconductors  (i.e.,  the  parabolic 
band,  energy-independent  scattering  approximation  [3,16]),  as 
shown  in  Fig.  5a,  in  which  the  solid  lines  are  the  plots  of  the  for¬ 
mula  in  Fig.  5a  3],  featuring  various  effective  mass  m*  values, 
ranging  from  0.4mo  to  1.0mo  (where  m0  is  the  free  electron  mass). 
Very  recently,  Shin  et  al.  [45]  used  m*  =  0.58mo  whose  value 
was  inferred  from  Ref.  [4]  to  describe  well  their  transport 
results  of  the  Bi2Te3  nanowires  with  the  similar  n  of 
4.9  x  1019-1.8  x  102°  cm-3.  The  present  m*  values  in  the  range  of 
0.4m0  -l.Omo  was  comparable  or  slightly  larger  than  the  expected 
value  (0.5 8m0)  because  various  scattering  sources,  such  as  the 
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Fig.  5.  (a)  Absolute  Seebeck  coefficients  (|a|)  vs.  n;  the  solid  lines  are  the  plots  of  the  formula  in  Fig.  5a  with  various  effective  mass  m*  from  0.4mo  to  1.0mo  (m0  is  the  free 
electron  mass).  Inset:  7>dependent  c-axis  lattice  constant  of  the  Bi2Te3  and  Bi4Te5  films,  (b)  Ts  dependence  of  room  temperature  Seebeck  coefficient  a  (red  circles),  electrical 
conductivity  o  (blue  triangulars),  and  power  factor  (PF  =  ol2o,  black  squares)  of  the  Bi2Te3  and  Bi4Te5  films.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Morphology,  growth  conditions,  method,  carrier  concentration  n,  carrier  mobility  /i,  electrical  conductivity  <r,  Seebeck  coefficient  a,  power  factor  PF  {=ol2g),  and  Te  content  of  the 
optimal  Bi2Te3  thin  films  in  this  study  as  compared  to  properties  of  Bi2Te3  thin  films  reported  in  the  literature.  All  the  selected  values  were  recorded  at  room  temperature. 


Morphology 

Ts  (°C)  PAr 

(Pa)  Method 

n  (1019  cm-3) 

p  (cm2/Vs)  g  (S/cm) 

a  (HV/K) 

PF  (pW/cm  K2) 

Te  (at.%) 

Ref. 

Nanodiscs 

220 

80 

PLD 

2.9  ±0.1 

122.3  ±0.5 

572.0  ±0.06  -178.2  ±1.2  18.2  ±0.25 

60.5  ±  0.4  This  work 

Layered  compact  polycrystalline 

300 

80 

PLD 

5.0  ±  0.2 

102  ±3.6 

814.3  ±1.5 

-172.8  ±1.4  24.3  ±0.44 

59.7  ±  0.4  This  work 

Layered-triangular  platelets 

340 

80 

PLD 

4.8  ±0.1 

83.9  ±  2.0 

647.3  ±  0.4 

-189.7  ±2.3  23.3  ±0.57 

58.4  ±  0.6  This  work 

Layered-smooth  film 

250 

10 

PLD 

10.1 

90.6 

1464.0 

-186 

50.6 

- 

Bassi  et  al.  [13] 

Compact-smooth  film 

350 

10 

PLD 

3.5 

95 

532.0 

-170 

21.2 

60 

Bassi  et  al.  [13] 

Nanoparticles 

300 

20 

PLD 

9.7 

14.8 

230 

-91 

1.90 

60 

Chang  et  al.  [20] 

Layered  Structure 

350 

1.0 

Sputtering 

95 

12.1 

1840 

-70 

8.8 

56.6 

Deng  et  al.  [19] 

Highly  (00  l)-oriented  layered  film  350 

2.0 

Sputtering 

-10.0 

52 

-840.0 

-200 

-33.7 

-60 

Deng  et  al.  [21] 

Hexagonal  polycrystalline 

260 

- 

Co-evaporation  1.8 

125 

353.4 

-228 

18.4 

60 

Silva  et  al.  [46] 

Hexagonal  polycrystalline 

260 

- 

Co-evaporation  6.5 

75 

769.2 

-228 

39.9 

- 

Zou  et  al.  [24] 

Smooth  epitaxial  surface 

280 

- 

MBE 

3.3 

120 

670 

-201 

27 

60 

Peranio  et  al.  [23] 

grain  boundary,  lattice,  and  ionized  impurity  scatterings,  are 
excluded  in  the  approximation. 

Fig.  5b  shows  the  7>dependent  a,  cr,  and  PF  (=a2cr)  of  the  films. 
The  g  value  gradually  increased  from  34.5  ±  0.1  to 

814.3  ±  1.5  S  cm-1  when  Ts  was  increased  from  30  to  300  °C,  and 
then  sharply  decreased  to  647.3  ±  0.4  S  cm-1  at  340  °C  and 
414.0  ±  1.2  S  cm”1  at  380  °C.  The  enhanced  <j  (=647.3- 

814.3  S  cm-1)  of  the  films  grown  at  220-340  °C  originated  from 
the  substantially  enhanced  /ll  because  the  n  exhibited  a  slight 
decrease  (Fig.  4).  Although  the  coupled  relationship  between  a 
(=neii)  and  |a|  (~n_2/3)  generally  constrains  the  concurrent 
enhancement  of  a  and  |a|,  a  reduction  of  n  and  a  substantial 
increase  of  ft  in  the  same  optimal  range  of  Ts,  220-340  °C,  could 
lead  to  high  values  of  both  a  and  |a|.  Consequently,  the  PF  of  the 
stoichiometric  ND,  LCP,  and  LTP  films  reached  remarkably  high  val¬ 
ues,  ranging  between  18.2  ±0.25  and  24.3  ±  0.44  jiW/cm  K2, 
whereas  the  PF  was  low  (^0.44  pW/cm  I<2)  in  the  case  of  nonstoi- 
chiometric  films  deposited  at  Ts  ^  120  or  380  °C  (Fig.  5b). 

The  composition,  transport  and  TE  properties  at  room  tempera¬ 
ture  of  the  optimal  Bi2Te3  films  in  this  study  and  those  in  the  ear¬ 
lier  relevant  studies  [13,19-21,23,24,46]  are  summarized  in 
Table  1.  The  optimal  PF  value  (24.3  pW  cm-1 1<-2)  of  a 
layered-compact  polycrystalline  film  obtained  in  this  study  was 
considerably  higher  than  those  of  the  Bi2Te3  films  featuring  a 
nanoparticle  structure  (PF  =  1.9  pW  cm-1  K-2)  [20],  a  layered 
structure  (PF  =  8.8  pW  cm-1 1<-2)  [19],  a  hexagonal  structure 
(PF  =  18.4  pW  cm-1  K"2)  [46],  and  a  compact-smooth  structure 
(PF  «  21.2  pW  cm-1  K-2)  [13].  However,  it  was  slightly  lower  than 
the  PF  =  27  pW  cm-1 1<"2  of  a  smooth  epitaxial  Bi2Te3  film  grown 
using  MBE  [23].  Furthermore,  the  optimal  PF  of  24.3  pW  cm-1 1<-2 
was  approximately  1.39-,  1.64-,  and  2.08-times  lower  than  the 
PFs  «  33.7,  39.9,  and  50.6  pW  cm-1 1<-2  of  a  highly  (OOl)-oriented 
layered  [21],  a  hexagonal  polycrystalline  [24],  and  a  layered 
smooth  films  [13],  respectively.  Generally,  as  illustrated  in  Table  1, 
a  stoichiometric  composition  is  necessary  to  obtain  a  reasonably 
low  n  (^1.0  x  1020cm-3)  which  in  turn  allows  obtaining  a  high 
|a|  value.  Moreover,  a  layered  structure  is  mostly  found  to  be  the 
best  morphology  for  excellent  TE  properties  (Table  1 ).  In  this  study, 
the  structure  combining  both  layered  and  compact  features  exhib¬ 
ited  the  highest  PF  value  amongst  our  films  owning  to  its  high  a  up 
to  814.3  ±  1.5  S  cm”1. 

The  aforementioned  results  revealed  that  in  this  study,  Bi2Te3 
thin  films  prepared  using  PLD  exhibited  high  PF  values  at  elevated 
temperatures,  at  which  the  PFs  of  Bi2Te3  and  Bi2Se3  thin  films  could 
be  suppressed  because  of  nonstoichiometry  and  donor-point 
defects  (i.e.,  vacancies  VTe  and  VSe  or  antisites  TeBi  and  SeBi) 
[15,16].  In  this  study,  a  simple  deposition  strategy  was  adopted 
in  which  the  ambient  pressure  used  (80  Pa)  was  higher  than  that 
typically  used  in  PLD  depositions  (see  Table  1),  with  the  goal  being 
to  reduce  the  extent  of  doping  and  the  Ts  (220  °C  ^  Ts  ^  340  °C)  for 


high-jU  preferred  structural  growth.  This  approach  not  only  allevi¬ 
ated  the  doping  problem  without  the  requirement  of  any  extra 
engineering  of  the  targets  or  engineering  during  the  film  growth, 
but  also  improved  the  structural  quality  of  the  films  and  thereby 
enhanced  the  charge-carrier  mobility  and  substantially  increased 
PFs.  This  PLD  strategy  could  potentially  be  extended  to  fabricating 
high-PF  thin  films  on  excellent  compounds  such  as  Bi2_xSbxTe3  and 
Bi2Te3_xSex,  promising  for  applications  in  TE  devices. 

4.  Conclusion 

Nanostructured  n-type  bismuth  telluride  thin  films  were  fabri¬ 
cated  using  PLD.  At  Ts  of  220-340  °C  and  PAr  =  80  Pa,  the  stoichiom¬ 
etric  Bi2Te3  films  with  highly  (OOl)-oriented  and  layered  structures 
possess  remarkably  high  PFs  between  18.2  ±0.25  and 

24.3  ±  0.44  pW  cm-1  K-2,  that  is  attributed  to  the  concurrently 
substantial  enhancements  in  /a  (83.9-122.3  cm2/Vs)  and  |a| 
(172.8-189.7  pV/K).  It  has  been  demonstrated  that  the  morphol¬ 
ogy  of  highly  (001)  oriented-layered  structures  and  the  stoichiom¬ 
etry  predominantly  contribute  to  the  substantial  enhancement  of  p 
and  |a|,  respectively,  resulting  in  remarkable  enhancement  in  PF. 
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